Cyclic somatostatin was administered intravenously (10 mug/min for 60 min) to 10 healthy overnight fasted (postabsorptive) subjects and to 5 healthy 60-h fasted subjects. In both groups, arterial insulin and glucagon fell 50% and splanchnic release of these hormones was inhibited. In the overnight fasted subjects splanchnic glucose output fell 70%, splanchnic uptake of lactate and pyruvate was unchanged, alanine uptake fell by 25%, and glycerol uptake rose more than twofold in parallel with an increase in arterial glycerol. In the 60-h fasted group splanchnic glucose output was less than 40% of that observed in the overnight fasted subjects. Somatostatin led to a further decrease (--70%) in glucose production. Splanchnic uptake of lactate and pyruvate fell by 30-40%, amino acid uptake was unchanged, while uptake of glycerol rose fivefold. Total uptake of glucose precursors thus exceeded the simultaneous glucose output by more than 200%. Splanchnic uptake of FFA rose fourfold during somatostatin while output of beta-hydroxybutyrate increased by 75%. Estimated hepatic blood flow fell 25-35% and returned to base line as soon as the somatostatin infusion ended. It is concluded that (a) somatostatin-induced hypoglucagonemia results in inhibition of splanchnic glucose output in glycogen-depleted, 60-h fasted subjects as well as in postabsorptive subjects, indicating an effect of glucagon on hepatic gluconeogenesis as well as glycogenolysis; (b) A B S T R A C T Cyclic somatostatin was administered intravenously (10 ,ug/min for 60 min) to 10 healthy overnight fasted (postabsorptive) subjects and to 5 healthy 60-h fasted subjects. In both groups, arterial insulin and glucagon fell 50%o and splanchnic release of these hormones was inhibited. In the overnight fasted subjects splanchnic glucose output fell 70%, splanchnic uptake of lactate and pyruvate was unchanged, alanine uptake fell by 25%, and glycerol uptake rose more than twofold in parallel with an increase in arterial glycerol.
Influence of Somatostatin A B S T R A C T Cyclic somatostatin was administered intravenously (10 ,ug/min for 60 min) to 10 healthy overnight fasted (postabsorptive) subjects and to 5 healthy 60-h fasted subjects. In both groups, arterial insulin and glucagon fell 50%o and splanchnic release of these hormones was inhibited. In the overnight fasted subjects splanchnic glucose output fell 70%, splanchnic uptake of lactate and pyruvate was unchanged, alanine uptake fell by 25%, and glycerol uptake rose more than twofold in parallel with an increase in arterial glycerol.
In the 60-h fasted group splanchnic glucose output was less than 40%o of that observed in the overnight fasted subjects. Somatostatin led to a further decrease (-70%) in glucose production. Splanchnic uptake of lactate and pyruvate fell by 30-40%o, amino acid uptake was unchanged, while uptake of glycerol rose fivefold. Total uptake of glucose precursors thus exceeded the simultaneous glucose output by more than 200%o. Splanchnic uptake of FFA rose fourfold during somatostatin while output of beta-hydroxybutyrate increased by 75%. Estimated hepatic blood flow fell 25-35% and returned to base line as soon as the somatostatin infusion ended.
It is concluded that (a) somatostatin-induced hypoglucagonemia results in inhibition of splanchnic Receivedfor publication 9 August 1976 and in revisedform 11 October 1976. glucose output in glycogen-depleted, 60-h fasted subjects as well as in postabsorptive subjects, indicating an effect of glucagon on hepatic gluconeogenesis as well as glycogenolysis; (b) the glucagonsensitive step(s) in gluconeogenesis affected by somatostatin involves primarily intra-hepatic disposal rather than net hepatic uptake of glucose precursors; (c) splanchnic uptake of fatty acids and ketone output are increased in the face of combined insulin and glucagon deficiency; and (d) diminished splanchnic blood flow may contribute to some of the effects of somatostatin on splanchnic metabolism.
INTRODUCTION
Somatostatin, a tetradecapeptide, originally isolated from the hypothalamus (1) and also subsequently identified in the D cells of the islets of Langerhans (2) , has been demonstrated to inhibit the secretion of growth hormone, insulin, and glucagon in both in vivo and in vitro systems (1, (3) (4) (5) (6) (7) (8) (9) (10) (11) . Administration of somatostatin is accompanied by a fall in blood glucose in man and animals (8, 12, 13) , the nature of which is incompletely understood. Studies with isotopically labeled glucose in baboons (4) and isotopically labeled glucose plus hepatic vein catheterization in dogs (14) have suggested that the lowering of blood glucose levels during somatostatin infusion is primarily a consequence of diminished glucose production rather than of increased peripheral utilization. Since no information is available on the influence of somatostatin on hepatic glucose metabolism in man, the present study was undertaken to examine in healthy, postabsorptive subjects the effects of this hormone on splanchnic glucose output and uptake of glucose precursors.
In the postabsorptive, overnight-fasted individual approximately 75% of hepatic glucose output is derived from hepatic glycogenolysis, while the remainder reflects de novo glucose synthesis by hepatic gluconeogenesis (15, 16) . Thus an effect of somatostatin on splanchnic glucose output in overnight fasted subjects may reflect an alteration of hepatic glycogenolysis or gluconeogenesis or both. Furthermore, an effect on gluconeogenesis could involve alterations in the uptake and (or) intrahepatic disposal of glucose precursors. To examine more selectively the influence of somatostatin on hepatic gluconeogenesis, healthy subjects who had fasted for 60 h were studied. In this situation glucose production from the liver is primarily dependent on gluconeogenesis, inasmuch as the hepatic glycogen stores are virtually completely exhausted (16) . Thus, any effect of somatostatin on hepatic glucose output in the 6S-h fasted state should reflect a change in hepatic gluconeogenesis. Furthermore, by measuring net splanchnic exchange of glucose precursors in these subjects information can be obtained on the relative sensitivity to glucagon lack of the processes involved in hepatic uptake and intrahepatic disposal of gluconeogenic substrates.
METHODS
Two groups of subjects were studied, one in the overnight (12) (13) (14) (17) and indocyanine green dye (18) . In six subjects, the study was repeated on another occasion, at which time saline instead of somatostatin was infused intravenously; catheterization and blood sampling procedures were identical, except that no post-infusion samples were drawn after saline infusion.
In the second group of subjects, studied after 60-64 h of fasting, the catheterization procedure, blood sampling, and somatostatin administration were the same as described above.
Analytical methods. Glucose was analyzed in whole blood by the glucose oxidase reaction (19) . Lactate (20) , pyruvate (21) , glycerol (22), and 3-hydroxy-butyrate (23) were all determined enzymatically in whole blood. Individual acidic and neutral amino acids were measured in plasma by the automated ion-exchange chromatographic method (24) . Plasma glucagon (25) and insulin were determined by radioimmunoassay, with talc to separate bound and free insulin (26) . Plasma free fatty acids were measured by gas chromatography, with heptadecanoic acid as an internal standard (27) . Blood urea concentration was determined using a colorimetric method (28) .
Data in the text, tables, and figures are given as mean +±SE. Standard statistical methods (29) were employed, with the paired t test when applicable.
RESULTS
Postabsorptive subjects. Fig. 1 (Fig. 1) . At 30 min after the end of the somatostatin infusion, both the glucagon (P < 0.05) and the insulin (P <0.01) concentrations were still significantly greater than the corresponding basal values.
As expected (4, 12) , the arterial glucose concentration fell in response to somatostatin infusion (Fig. 2 , Table I ). The glucose concentration declined from a basal level of 4.50+0.05 mmol/liter at a gradually diminishing rate during the infusion period, the drop after 60 min amounting to 20% (P < 0.001). A prompt increase in blood glucose was observed when the infusion ended, the initial basal level being reached after only 10 min; after 30 min blood glucose showed a 20%o increment above preinfusion basal levels (P < 0.001). The arterial concentrations of FFA and glycerol rose by 130-170%o during somatostatin infusion, while the arterial levels of lactate and pyruvate were unchanged (Table I ). The arterial levels ofplasma amino acids were not significantly altered during somatostatin infusion, except in the case of glutamine, which showed a 10% rise (P < 0.01, Table II ). A consistent reduction in estimated hepatic blood flow was seen in each subject during somatostatin infusion (Table I ). The fall in blood flow had already occurred after 10 min of somatostatin infusion and the new level at 65-75% of the initial flow was maintained throughout the rest of the infusion period. After the infusion, the blood flow returned to the previous basal level within 10 min and no rebound effect was observed.
Splanchnic glucose output was 0.82±0.06 mmol/min in the basal state and fell during somatostatin infusion (Table I) . This was a consequence of reduced hepatic venous-arterial glucose differences (P < 0.02-0.01) as well as diminished hepatic blood flow. The fall in glucose output was most marked during the first 10-20 min of the infusion, whereupon the glucose output tended to reach a new level at 20-30%o of the initial value. As soon as the somatostatin infusion ended, glucose output from the splanchnic area rose rapidly; the basal level was exceeded and a peak value 120%o greater than the basal was observed at 15 min after termination of the somatostatin infusion (Fig. 2) .
A consistent net uptake of lactate and pyruvate by the splanchnic bed was observed in the basal state (Table I) . No significant alteration in splanchnic exchange was seen during the somatostatin infusion. However, an increased uptake of both substrates was noted at 30 min after the end of infusion. In the case of glycerol and FFA, splanchnic uptake increased markedly during the somatostatin infusion (Table I) . The augmented uptake of FFA was a consequence of both a rise in arterial concentration and an increase in splanchnic fractional uptake. The latter rose from 0.19+0.03 in the basal state to 0.33+0.04 during somatostatin infusion (P <0.001). Splanchnic uptake of amino acids fell during somatostatin infusion (Table II) in the case of alanine (25%, P < 0.05), serine (50%, P < 0.01), proline, glycine, cystine, and phenylalanine (55-85%, P < 0.05).
60-h fasted subjects. Insulin and glucagon concentrations in arterial and hepatic venous plasma in the 60-h fasted subjects are shown in Fig. 3 . This group demonstrated higher levels of arterial glucagon (+45%, P < 0.02) and lower concentrations of arterial insulin (-55%, P < 0.005) than the overnight fasted subjects. Like the latter group, the 60-h fasted subjects had a positive hepatic venous-arterial concentration difference for glucagon (P < 0.01) as well as for insulin (P <0.02) during the preinfusion control period.
During somatostatin infusion the arterial levels of glucagon and insulin fell 40-50%o while the hepatic venous concentrations no longer differed statistically from the arterial levels. Relatively stable arterial concentrations were reached for both hormones after [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] glucose levels (as compared to postabsorptive subjects) before somatostatin administration (3.27±0.14 mmol/ liter vs. 4 .5+0.05, P < 0.01). During the first 40 min of the somatostatin infusion the arterial glucose concentration showed a further, progressive decline and then remained relatively stable at approximately 2.5 mmol/liter for the final 20 min (Fig. 4) . None of the subjects developed clinical symptoms of hypoglycemia.
The arterial concentrations of glycerol and FFA rose two to threefold during the somatostatin infusion (Table III) . A small (10%o) but significant rise in the arterial level of 3-hydroxybutyrate was also seen at the end of the infusion period (P < 0.01). The arterial levels of lactate and pyruvate did not change significantly during the somatostatin infusion. The arterial levels of amino acids were also stable during the infusion (Table IV) .
As in the overnight fasted group, the estimated hepatic blood flow fell during somatostatin infusion in the 60 h fasted subjects. The basal value was 1,400+65 ml/min and a 25% reduction occurred during somatostatin administration (P < 0.01). The glucose output from the splanchnic area amounted to 0.30+ 0.04 mmol/min after 60 h of fasting, a rate of production that is approximately 35% of that for overnight fasted subjects (P < 0.01) ( Table I) . Somatostatin infusion induced a prompt reduction of glucose output (Fig. 4) to a new level at approximately 30%o of the initial value. This level was maintained for the rest of the infusion period.
Splanchnic uptake of both lactate (P <0.01) and pyruvate (P <0.05) was increased two-to fourfold after 60 h of fasting compared with the postabsorptive state (Table III) . This was primarily a consequence of an increased fractional extraction, since the arterial levels were similar under both conditions. During the infusion of somatostatin, lactate uptake by the splanchnic area fell 30%o (P <0.01) and pyruvate uptake fell 40%o (Table III) . In keeping with the marked increments in arterial concentrations of glycerol and FFA, four-to five-fold elevations in the splanchnic uptake of these substrates were observed. In addition, the splanchnic fractional uptake of FFA rose from 0.12±0.03 in the basal state to 0.21±0.04 (P <0.05) at 30 min of the infusion and to 0.28±+0.08 (P < 0.02) after 60 min of somatostatin infusion. Splanchnic production of 3-hydroxybutyrate rose 75% during the infusion of somatostatin (Table III) .
Splanchnic exchange of amino acids in the 60-h fasted subjects did not change significantly during somatostatin administration (Table IV) to subjects in the overnight fasted state, somatostatin resulted in a 70-80% reduction of glucose release (Fig. 2 ). These observations in human subjects confirm and extend previous findings in aniinal studies with isotopically labeled glucose (13, 14, 30) . In view of the magnitude of the changes in glucose output in the present study (70-80% reduction) and inasmliucl as glycogenolysis accounts for the major part (75%) of the liver's glucose production in the basal state (15, 16) , it is likely that the fall in glucose productioin reflects primarily a decreased rate of hepatic glycogenolysis. Hepatic gluconeogenesis may have falleni in these subjects as well but this caninot be determninied from the present results. In this context it is noteworthy that the total splanchnic uptake of glucose precursors in the postabsorptive subjects did not fall during somatostatin infusion (Tables I and II) .
With regard to the mechanismii responsible for the altered hepatic glucose production, a direct effect of somatostatin has been suggested (9). However, somatostatin does not interfere with glucagon-induiced hyperglycemia in man (10, 31) . Furthermore, in vitro studies have indicated that somatostatin does not bl) itself inhibit hepatic glucose metabolismn (13. 32) .
Thus the observed redution in glucose output is probably a consequence of somiiatostatin-indIuced hormonal changes. Glucagon release from the splanchnic area ceased entirely and the arterial glucagon concentration fell promptly when somatostatin was infused (Fig. 1) . In view of the known stimulatorv effect of glucagon on hepatic glucose productiol, it is likely that the acutely induced hypoglucagoniemiiia was a major factor in the inhibition of splanichnic glucose output during somatostatin infusion. This is also suggested by the finding that at the ternmination of somatostatin infusion, when glucagon concentrations rose and exceeded the basal level, splanchnic glucose output responded similarly and surpassed its basal level. Fig. 2 demonstrates that the splanchnic glucose output reached a relatively stable level of approximately 0.25 mmol/min during the last 30 min of the infusion period. In addition, the arterial glucose concentration also tended to stabilize towards the end of the infusion, in keeping with previous observations for longer periods of administration (7, 33) . In this circumstance (as in the basal state) the rate of peripheral glucose utilization may be estimated as equivalent to the splanchnic glucose output. These observations thus indicate that peripheral glucose uptake was substantially reduced at the end of the infusion of somatostatin (0.25 mmol/min) as compared to the basal state (0.8 mmol/min). This decline coupled with the fall in the insulin suggests a diminution in insulindependent glucose uptake. In addition, the possibility of a reduction in cerebral utilization of glucose secondary to an increased availability of alternative substrates (e.g. FFA) cannot be excluded.
Splanchnic glucose output in the 60-h fasted group during the preinfusion control period was less than 40%o of that for overnight fasted (postabsorptive) subjects (Tables I and III) . Although the subjects in the 60-h fasted group were women while those in the postabsorptive group were men, it is unlikely that the difference in sex was responsible for the lower glucose production observed after the 60-h fast. The total splanchnic uptake of glucose precursors after the 60-h fast could account for more than 80%/o of the glucose production (Table V) , in good agreement with earlier observations in 3-day fasted subjects (34) . In view of the large precursor uptake and the fact that the liver glycogen stores are known to be almost entirely depleted after this period of fasting (16) , it appears reasonable to assume that the glucose output in this situation derived primarily from gluconeogenesis. The finding that somatostatin infusion in 60-h fasted subjects was accompanied by a substantially reduced rate of glucose output from the splanchnic area thus provides evidence for a somatostatin-induced inhibition of gluconeogenesis. Presumably this effect of somatostatin is a consequence of the fall in plasma glucagon. Although a direct effect of somatostatin on gluconeogenesis has been suggested (9), other studies have failed to confirm those observations with either glycerol or alanine as the substrate (13) .
The present findings thus indicate a role for glucagon (at least transiently), in the regulation of gluconeogenesis as well as glycogenolysis during starvation. Of particular interest in this regard is the observation that despite the marked decline in splanchnic glucose (Table V) . The results thus suggest that the glucagon-sensitive steps involved in gluconeogenesis are not at the locus of hepatic uptake but involve intrahepatic disposal of glucose precursors. A similar conclusion has been previously reached on the basis of evidence of an intrahepatic stimulatory effect of glucagon on gluconeogenesis in studies involving infusion of glucagon to high physiological levels in normal man (35) . As expected, the arterial levels of free fatty acids and 3-hydroxybutyrate were elevated in the 60-h fasted subjects. After somatostatin administration hepatic uptake of FFA and ketone output rose. These findings indicate that increased substrate (FFA) availability results in some augmentation of ketogenesis in the absence of basal glucagon secretion.
Somatostatin infusion also resulted in a rise in the splanchnic fractional uptake of FFA in the postabsorptive as well as the 60-h fasted subjects. This could be the result of either a decrease in FFA release from extrahepatic splanchnic tissues or an augmentation of hepatic uptake of arterial FFA. In view of the elevation in arterial FFA and glycerol concentrations indicating an overall increase in lipolysis, a diminution in extrahepatic splanchnic release of FFA seems unlikely. A direct hormonal effect on hepatic uptake of FFA has not to our knowledge been previously described. The present results suggest the possibility that hypoinsulinemia and (or) hypoglucagonemia may stimulate hepatic FFA uptake.
In both the postabsorptive and the 60-h fasted individuals, somatostatin induced a prompt reduction of the estimated hepatic blood flow. Noteworthy in Somatostatin and Splanchnic Glucose Metabolism this context is the report that the administration of somatostatin was followed by cessation of gastrointestinal bleeding in a patient with peptic ulcer (36) . With the technique employed for flow measurement in the present study it is not possible to distinguish between changes in arterial hepatic as opposed to portal venous blood flow. Thus the distribution of blood flow in the splanchnic area during somatostatin administration remains to be deter-mined. However, since the splanchnic metabolite changes in the 60-h fasted individuals largely parallel the changes in blood flow, the effects of somatostatin on splanchnic blood flow may be central to the mechanism of action of this agent on glucose homeostasis in starvation.
It should be noted that the current investigation involved infusions of somatostatin lasting no more than 60 min. Recent studies have demonstrated the progressive development of fasting hyperglycemia in normal subjects infused with somatostatin for periods extending beyond 2-4 h (37, 38) . Thus the effects of hypoglucagonemia on splanchnic glucose balance observed in the current study may not apply to more prolonged periods of somatostatin administration.
